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Abstract. This paper reviews some recent advances in the development and application 
of polarized radiation diagnostics to infer the mean magnetization of the quiet solar atmo- 
sphere, from the near equilibrium photosphere to the highly non-equilibrium upper chro- 
mosphere. In particular, I show that interpretations of the scattering polarization observed 
in some spectral lines suggest that while the magnetization of the photosphere and upper 
chromosphere is very significant, the lower chromosphere seems to be weakly magnetized. 
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1. Introduction 

The chromosphere is a crucial boundary re- 
gion in the solar outer atmosphere, not only be- 
cause it is probably the region where the dom- 
inant physics changes from hydrodynamic to 
magnetic forces and most of the non-radiative 
heating that sustains the corona and solar wind 
is released, but also because the dissipation 
of magnetic energy in the 10 6 K corona may 
be significantly modulated by the strength and 
structure of the magnetic fie ld in the chro- 
mosphere (e.g.. |Parkejl2007h . Unfortunately, 
our empirical knowledge of the magnetism of 
the solar outer atmosphere is practically non- 
existent notwithstanding the precious qualita- 
tive information provided by high resolution 
images of the solar atmosphere taken around 
the wavelengths of strong spectral li nes like 
Ha and Ca n 8542 A (e.g., the review bv lRuttenl 
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I2007I) . Such high cadence, high angular resolu- 
tion intensity images demonstrate that the solar 
chromospheric plasma is extremely inhomoge- 
neous and dynamic and suggest that the upper 
solar chromosphere is a "fibrilar dominated- 
magnetism medium". They are also useful in 
helping to constrain the magnetic field orien- 
tation, but they do not provide quantitative in- 
formation on the magnetic field vector because 
the Stokes 1(A) profiles of such strong lines are 
practically insensitive to its strength, inclina- 
tion and azimuth. Most probably the magnetic 
field is the underlying structuring agent, but 
the fine structure that we see in such intensity 
images (i.e., the fibrils) directly implies only 
the presence of thermal and/or density inhomo- 
geneities. 

The only way to obtain quantitative 
empirical information on the magnetic 
fields of the extended solar atmosphere 
is via the measurement and interpretation 
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of th e emergent spectral line polar i zation 
(e.g.. IStenflol Il994t IPel Toro Iniestal l2003t 
lLandi Degl'Innocenti & Landolfil 120041) . Solar 
magnetic fields leave their fingerprints on 
the polarization signatures of the emergent 
spectral line radiation. This occurs through a 
variety of unfamiliar physical mechanisms, 
not only via the Zeeman effect. In particular, 
magnetic fields modify the atomic level 
polarization (population imbalances and 
quantum coherences) that pumping processes 
by anisotropic radiation induc e in the atoms 
of the solar atmosphere (e.g., iTruiillo Buenol 
l200ll) . Interestingly, this so-called Hanle 
effect allows us to "see" magnetic fields to 
which the Zeeman effect is blind within the 
limitations of the available and foreseeable 
instrumentation. We may thus define "the 
Sun's hidden magnetism" as all the magnetic 
fields of the extended solar atmosphere that are 
impossible to diagnose via the consideration 
of the Zeeman effect alone. 

A recent review of observational prop- 
erties of the solar chr omosphere was pre- 
sented by Judge (2006). There are also re- 
views where the reader finds information 
on how spectropolarimetric observations al- 
low us to explore chromospheric magnetic 
fields i n qui et and active r egions (e.g., 
Harvevl I2006L 120091: IStenflol l2006t iLaggl 



2007t Icasini & Landi Pegl'Innocenti] l2007t 



Lopez Ariste & Aulanier 2007; Trujillo Bueno 
2010h . In Qruiillo Bueno (2010) I dicuss re- 



cent advances in chromospheric and coronal 
polarization diagnostics, with emphasis on the 
magnetic field of plasma structures embedded 
in the solar outer atmosphere (e.g., spicules, 
prominences, active region filaments and coro- 
nal loops). Of particular inter est in this re- 
spect i s the very recent paper bv lCenteno et al.1 
(2010) showing the detection of magnetic 
fields as strong as 50 G in off-limb spicules 
of the quiet Sun chromosphere, which could 
represent a possible lower value of the field 
strength of organized network spicules at a 
height of about 2000 km above the visible solar 
surface. 

In the present paper I focus instead on the 
diagnostic problem of the magnetization of the 
atmosphere of the "quiet" Sun, with emphasis 



on the variation with height of the mean field 
strength in the quiet chromospheric plasma it- 
self. It is important to note that determining the 
mean magnetization of the quiet Sun requires 
finding how much flux resides at small scales. 
To this end, it is crucial to measure and inter- 
pret the linear polarization produced by atomic 
level polarization and its modification by the 
Hanle effect (see §2 and §3). Although in the 
quiet Sun the amplitudes of such linear po- 
larization signals are often larger than those 
of the V/I profiles produced by the longitu- 
dinal Zeeman effect, their measurement with 
the available telescopes still requires to sacri- 
fice the spatio-temporal resolution to be able 
to reach the required polarimetric sensitivity. 
For this reason, with present telescope aper- 
tures, the first step is to try to obtain infor- 
mation on the mean intensity, (B), of the ac- 
tual distribution of magnetic field strengths. 
The shape of the ensuing probability distribu- 
tion funtion, PDF(B), describing the fraction of 
quiet Sun plasma occupied by magnetic fields 
of strength B, is difficult to determine em- 
pirically, although numerical experiments of 
magnetoconvection suggest that assuming an 
exponential shape for the PDF is a suitable 
approximation that avoids overestimating (B), 
Nevertheless, here I consider mainly the sim- 
plest model of a single value field that fills the 
entire atmospheric volume (i.e., PDF(B)-5(B- 
(B))), with the aim of drawing at least some 
preliminary conclusions on the lower limit for 
(B) in the photosphere (§4), upper chromo- 
sphere (§5) and lower chromosphere (§6). In 
terms of the heights h (in km) above the visi- 
ble solar surface where the spectral lines used 
here are sensitive to the local atmospheric con- 
ditions we have 200 < h < 400 for the photo- 
sphere, 1800 <h< 2200 for the "upper chro- 
mosphere", and 900 < h < 1300 for the "lower 
chromosphere". 

2. Pros and Cons of the Hanle and 
Zeeman Effects 

The polarization of the Zeeman effect is due 
to the wavelength shifts between the n and 
cr transitions composing a spectral line. The 
typical observational signature of the circu- 
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lar polarization produced by the longitudinal 
Zeeman effect is an antisymmetric Stokes V(A) 
profile whose amplitude scales with the ra- 
tio, % between the Zeeman splitting and the 
Doppler broadened line width. The linear po- 
larization amplitudes of the transverse Zeeman 
effect scale instead as H 2 and its characteristic 
observational signatures are symmetric Stokes 
Q(A) and U (A) profiles with their wing lobes of 
opposite sign to the line center one. Due to can- 
cellation effects the polarization of the Zeeman 
effect as a diagnostic tool tends to be blind to 
magnetic fields that are randomly oriented on 
scales too small to be resolved. Note also that 



1.4xlO _7 AS 



Vl.663xl0- 2 77a + £ 2 ' 



(1) 



where a is the atomic weight of the atom under 
consideration and A is in A, B in gauss, T in K 
and the microturbulent velocity f in km s" 1 (see 
lLandi Degl'Innocenti & Landolfill2004l) . 

In the quiet solar atmosphere (e.g., 
R«1CT 2 for Ha and ^5xl(T 2 for the Ca n 
8542 A line), which explains why it is far 
more difficult to detect the signature of the 
transverse than the longitudinal Zeeman effect 
in strong chromospheric lines. In practice, 
only the impact of the Zeeman effect on 
Stokes V is detected, and mainly in near-IR 
lines like the 8542 A line of Ca n. However, 
the response function of the emergent Stokes 
V to magnetic field perturbations at various 
heights in models of the quiet solar atmo- 
sphere indicates that the circular polarization 
produced by the Zeeman effect in spectral 
lines like Ho- and Ca n 8542 A is insensi- 
tive to the physical con ditions of the upper 



chrom o sphere (e.g.. | Socas-Navarro et all 
2000t ISocas-Navarro & Uitenbroekl 12004 
Uitenbroekl 120061) . For example, Fig. 1 il- 



lustrates that in the quiet Sun the circular 
polarization of the Ho- line is sensitive mainly 
to the photospheric magneti c field ( see also 
ISocas-Navarro & Uitenbroekl 12004 . The 
emergent Stokes V profiles in the k-line of 
Mg ii and in Lya show a more favourable 
sensitivity to magnetic fields in the upper solar 
chromosphere and transition region, but the 
expected Stokes V signals are very weak (see 




656.0 656.1 656.2 656.3 656.4 656.5 
Wavelength [nm] 



Fig. 1. Stokes V response function of the Ho- line 
to magnetic strength perturbations in the F AL-C at- 
mospheric model of Fonten laet al.l il993t) . assum- 
ing that it is permeated by a 1000 G vertical field. 
Courtesy of H. Uitenbroek. 



Eq. 1). In summary, the Zeeman effect is of 
limited practical interest for the exploration of 
magnetic fields in the solar outer atmosphere 
(chromosphere, transition region and corona). 

Fortunately, there is yet another physical 
mechanism by means of which the magnetic 
fields of the solar atmosphere leave fingerprints 
on the polarization of the emergent spectral 
line radiation: the Hanle effect. Anisotropic 
radiation pumping processes produce atomic 
level polarization (i.e., population imbalances 
and quantum coherences among the magnetic 
sublevels pertaining to any given degenerate 
energy level). The Hanle effect can be de- 
fined as any modification of the atomic level 
polarization due to the presence of a mag- 
netic field, including the remarkable effects 
produced by the level crossings and repulsions 
that take place when going from the Zeeman 
effect regime to th e complete Paschen -Back 
effect regime (e.g., Bell uzzi et al.l 120071) . The 
Hanle effect is especially sensitive to magnetic 
strengths between 0.1 Bh and 10 Bh, where 



B H = (1.137 Xl0- 7 )/(fi ife gy) 



(2) 



is the critical Hanle field intensity (in gauss) for 
which the Zeeman splitting of the /-level un- 
der consideration is similar to its natural width. 
Note that gj is the level's Lande factor and fi;f e 
its radiative lifetime in seconds. Since the life- 
times of the upper levels of the transitions of 
interest are usually much smaller than those of 
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the lower levels, clearly diagnostic techniques 
based on the lower-level Hanle effect are sensi- 
tive to much weaker fields than those based on 
the upper-level Hanle effect. 

The main properties of the Hanle effect are: 

(a) The Hanle effect is sensitive to weaker 
magnetic fields than the Zeeman effect (from 
at least 1 mG to a few hundred gauss), re- 
gardless of how large the line width due to 
Doppler broadening is. For stronger fields, the 
Hanle effect remains sensitive to the magnetic 
field orientation. Moreover, the Hanle effect is 
sensitive to magnetic fields that are randomly 
oriented on scales too small to be res olved 
riStenfldll982tlTruiillo Bueno et al.ll2004h . 

(b) The Hanle effect as a diagnostic tool 
is not limited to a narrow solar limb zone. 
In particular, in the forward scattering geom- 
etry of a solar disk center observation, the 
Hanle effect creates linear polarization in the 
presence of an inclined magnetic field (e.g., 
ITruiillo Bueno et al.ll2002h . 

(c) The Hanle effect operates in the line 
core and the ensuing response function of 
the emergent linear polarization to magnetic 
field perturbations shows that in some spec- 
tral lines (e.g., Ca n 8542 A, Ha, Mg n k 
and Lya) is sensitive to the magnetic fields 
of the upper chromosphere and transition re- 
gion (see a Hg response functio n in figure 4 of 
IStepan & Truiillo Buendl2010al) . 

In summary, the Hanle effect in strong 
spectral lines is the key physical mechanism 
that should be increasingly exploited for quan- 
titative explorations of the magnetism of the 
solar chromosphere. 

3. Forward modeling of the spectral 
line polarization 

In general, the modeling of the Stokes profiles 
in strong lines like Ha and the IR triplet 
of Ca ii requires solving a rather compli- 
cated radiative transfer problem, known 
as the non-LTE problem of th e 2 n d kin d 
dLandi DeglTnnocenti & Landolfil 2004). 
This consists in calculating, at each spatial 
point of any given atmospheric model and 
for each /-level of the chosen atomic model, 
the diagonal and non-diagonal elements of 



the atomic density matrix that are consistent 
with the intensity, polarization and symmetry 
properties of the radiation field generated 
within the (generally magnetized) medium 
under consideration. Once such density matrix 
elements are known it is straightforward to 
solve the Stokes vector transfer equation 
to obtain the emergent Stokes profiles for 
any desired line of sight. Highly efficient 
iterative methods and accurate formal solvers 
of the Stokes vector transfer equation were 
developed for solving this type of (complete 
redistribution) multilevel rad iative transfer 
problem (see the review by ITruiillo Buend 
2003). Such methods have been implemented 
in multilevel computer programs for the 
generation and transfer of polarized radiation 
(Manso Sainz & Truiillo Bueno 2003a; Stepan 
2008; Trujillo Bueno & Shchukina 2007, 
2009). Moreover, the same radiative transfer 
methods have been recently gene ralized by 
ISampoorna & Truiillo Buend d2010h for solv- 
ing the two-level atom problem of resonance 
line polarization taking into account partial 
redistribution effects, which may be a suitable 
approximation for modeling the fractional 
linear polarization profiles in Lya and Mg n k. 

The following sections discuss how 
the modeling of spectropolarimetric ob- 
servations through the application of the 
above-mentioned radiative transfer codes 
allows us to obtain information on the mean 
magnetization of the quiet solar atmosphere. 

4. The magnetization of the 
photosphere of the quiet Sun 

The linear polarization profiles produced 
by scattering processes in the quiet so- 
lar atmosphere have been observed with 
poor spatial and/or temporal resolution (e.g., 
IStenflo & Kelleil ll997t lGandorfdl2000h . For 
this reason, ITruiillo Bueno et alJ ([2004) con- 
fronted observations of the center-to-limb vari- 
ation of the scattering polarization in the pho- 
tospheric Sr i 4607 A line with calculations of 
the Q/I profiles that result from spatially av- 
eraging the emergent Q and / profiles calcu- 
lated in a three-dimensional (3D) model of the 
quiet solar photosphere resulting from realis- 
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tic hydrodynamical simulations of solar sur- 
face convection. The very significant discrep- 
ancy between the calculated and the observed 
polarization amplitudes indicated the ubiqui- 
tous existence of tangled magnetic fields in the 
quiet solar photosphere, with a mean strength 
significantly larger than derived from simplis- 
tic one-dimensional radia tive transfer investi- 
gation s (see the review bv lTruiillo Bueno et alj 
2006). The inferred mean strength of this hid- 
den field turned out to be <B)~100G (see Fig. 
2), which implies an amount of magnetic en- 
ergy density that is more than sufficient to com- 
pensate the energy losses of the solar outer at- 
mosphere. This estimation was obtained by us- 
ing the approximation of a microturbulent field 
(i.e., that the hidden field has an isotropic dis- 
tribution of orientations within a photospheric 
volume given by X 3 , with £ the mean-free- 
path of the line-center photons). Calculations 
based on the assumption that the unresolved 
magnetic field is instead horizontal also lead 
to the conclusion of a siz able (B) (see § 4 in 
iTruiillo Bueno et al.ll2006l) . 

What is the physical origin of this 
"hidden" magnetic field whose re al ity is 
no w being supported by ILites et alJ d2008l) 
andlOrozco Suarez etal .1 d2007h through high- 
spatial-resolution observations of the Zeeman 
effect taken with Hinode? Is it mostly the re- 
sult of dynamo action by near-surface con- 
vection, as suggested by Catt aneol d 1999t) ? Or 
is it dominated by small-scale flux emergence 
from deeper layers and recycling by the gran- 
ulation flows? The fact that the inferred mag- 
netic energy density is a significant fraction 
(i.e., ~20%) of the kinetic energy density, and 
that the scattering polarization observed in the 
Sr i 4607 A line does not seem to be mod- 
ulated by the solar cycle, strongly supported 
the suggestion that a surface dynamo plays a 
sign ificant role for the quiet Sun magnetism 
(see|Truiillo Bu eno et"aDl2004h . Recent radia- 
tive MHD simulations of dynamo action by 
near-su rface convection also supp ort this pos- 
sibility dVogler & Schusslenl2007l) . 

In summary, the small-scale magnetic ac- 
tivity of the quiet Sun photosphere is indeed 
very significant and might be important for un- 
derstanding the propagation of energy into the 
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Fig. 2. Center-to-limb variation of the Q/I scatter- 
ing amplitudes of the photospheric line of Sr i at 
4607 A. Note that fi = cos0, with 9 being the he- 
liocentric angle. The symbols correspond to various 
observations taken by several authors during a mini- 
mum and a maximum of the solar activity cycle. The 
dotted, dashed and solid lines (colored in the online 
version) show scattering polarization calculations in 
a 3D hydrodynamical model of the photosphere, as- 
suming a volume-filling, single-value microturbu- 
lent field with the following magnetic strengths (in 
G): 0, 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 150, 
200, 250 and 300. The best overall fit to the obser- 
vations is obtained for 60 G, but note that the best 
fit is achieved with 70 G at p = 0.6 (/i«200 km) and 
with 50 G at yu = 0.1 (fcs400 km). With a more re- 
alistic exponential probability distribution function 
(black, dashed-dotted line), the best overall fit is ob- 
tained for <S)=130G, and note again that there is a 
clear indication that (B) increases with depth. These 
results demonstrate that there is a vast amount of 
"hidden" magnetic energy in the quiet solar photo- 
sphere, which is much more than sufficient to bal- 
ance the radiative energy losses of the solar outer 
atmosphere. From Truiillo Bueno et al. (2004). 



outer atmosphere and the flux emergence pro- 
cess. The possibility that with the "Zeeman 
eyes of Hinode" we might still be seeing only 
the "tip of the iceberg" of the quiet Sun mag- 
netism is not surprising because 80% or more 
of the vertical unsigned flux seems to be in- 
visible to observations of the Zeeman effect at 
Hinode's resolution of 200 km owing to the 
cancellation of the Stokes V signal from op- 
posite magnetic polarities (Pietarila Graham 
et al. 2009; see also Stenflo 1994; Emonet & 
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Cattaneo 2001; Sanchez Almeida et al. 2003; 
Martinez Gonzalez et al. 2010). 

5. The magnetization of the upper 
chromosphere of the quiet Sun 

There are various spectral lines whose Q/I and 
U/I profiles are sensitive to the magnetization 
of the upper chromosphere of the quiet Sun, 
such as those considered below. It is, however, 
necessary to emphasize that determining (B) 
from the observed fractional linear polariza- 
tion signals usually requires confronting them 
with those that the highly inhomogeneous and 
dynamic solar chromospheric plasma would 
produce if it were unmagnetized. This strat- 
egy could be applied successfully for determin- 
ing the mean magnetization of the quiet so- 
lar photosphere by solving the radiative trans- 
fer problem for the Sr i 4607 A line in a 
realistic three-dimensional (3D) hydrodynam- 
ical model (see §4), but a similar approach 
for instead inferring the magnetization of the 
quiet chromospheric plasma is not yet possible 
mainly because to produce a realistic 3D model 
of the thermal, density and dynamic structure 
of the quiet chromosph ere is still com puta- 
tionally prohibitive (e.g.. ICarlssonll200"7l) . As a 
matter of fact, the current 3D models do not 
show fibrils in Ca n 8542 A and the synthetic 
Ha line-center intensity ima ges show instea d 
the granulation pattern (e.g., Leenaarts] 12010). 
Should we then abandon any attempt to infer 
the magnetization of the quiet chromosphere 
via multilevel radiative transfer modeling us- 
ing the available ID semi-empirical models ? 
In my opinion, the solar chromosphere is such 
an important region that we should at least try 
to do something potentially useful in spite of 
the obvious fact that any such ID model is 
a poor representation of the complex chromo- 
spheric conditions. 

5.1. The Can 8542 A line 

The circular polarization of the Ca n IR triplet 
is caused by the longitudinal Zeeman effect. 
With the available telescopes the ensuing V/I 
signals are measurable even in quiet regions, 
where their amplitudes are ~10~ 3 and smaller. 



Unfortunately, the Zeeman effect in the IR 
triplet of Ca n is of little practical interest for 
investigating the magnetism of the upper solar 
chromosphere. Calculations of the Stokes V re- 
sponse function of the strongest line of the Ca n 
IR triplet to perturbations in the magnetic field 
strength show that in semi-empirical models of 
the quiet solar atmosphere the emergent circu- 
lar polarization is sensitive only to changes be- 
tween 700 and 1200 km, approximately (e.g., 
IUitenbroekl2006l) . 

In quiet regions the linear polarization of 
the Ca n IR triplet is dominated by atomic 
level polarization and its modification by the 
Hanle effect. Typically, the ensuing Q/I and 
U/I profiles have their maximum values at 
the line center. While the linear polarization 
in the 8498 A line shows sensitivity to in- 
clined magnetic fields with strengths between 
1 mG and 50 G, the emergent linear polar- 
ization in the 8542 A and 8662 A lines is 
sensitive to magnetic fields with strengths in 
the milligauss range (see Fig. 3). The rea- 
son for this very interesting behavior is that 
the scattering polarization in the 8498 A line 
gets a significant contribution from the selec- 
tive emission processes that result from the 
atomic polarization of the short-lived upper 
level, while that in the 8542 A and 8662 A 
lines is dominated by the selective absorption 
processes that result from the atomic polariza- 
tion of the metastable (long-lived) lower level s 
dManso Sainz & Truiillo Buendl2003bll2007t) . 
Therefore, in quiet regions of the solar atmo- 
sphere the magnetic sensitivity of the linear 
polarization of the 8542 A and 8662 A lines 
is controlled by the lower-level Hanle effect, 
which implies that in regions with B > 1 G 
their Stokes Q and U profiles are only sensitive 
to the orientation of the magnetic field vector. 

The most diagnostically interesting lines 
of the Ca n IR triplet are the strongest and 
the weakest (i.e., the 8542 A and the 8498 
A lines, respectively). Their linear polariza- 
tion signals resulting from atomic level polar- 
ization and the Hanle effect can be exploited 
to explore the thermal and magnetic struc- 
ture of the solar chromosphere. They should 
also be used to evaluate the degree of real- 
ism of 3D magnetohydrodynamic simulations 
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Fig. 3. The emergent fractional linear polarization line-center amplitudes of the Ca n IR triplet calculated 
for a line of sight with ji = 0. 1 in the FAL-C model of the solar atmosphere. Each curve corresponds to the 
indicated inclination, in degr ees with respect to the solar local vert ical direction, of the assumed random- 
azimuth magnetic field. From Manso Sainz &Truiillo Buenol d2010h . 



of the chromosphere via careful comparisons 
of the Stokes profiles obtained through forward 
modeling calculations with those observed in 
quiet regions (e.g., like the ones in Fig. 4). 
As mentioned above, the current 3D models 
do not show fibrils in the synthetic intensity 
images calculated at the core of Ca n 8542 
A, in s pite of the fact that th e snapshot cho- 
sen bv Leenaarts et al l (1201 fi has <fi)=150G 
(i.e., a value in agreement with that inferred by 
iTruiillo Bueno et : alJl2004 . 

In particular, the linear polarization of the 
8542 A line should be increasingly exploited 
to explore the magnetic field structure of the 
upper chromosphere, ideally via high angu- 
lar resolution two-dimensional (2D) spectropo- 
larimetry with large aperture telescopes and 
novel instruments like IBIS, CRISP or the 
Gottingen Fabry-Perot. One drawback is that 
for B > 1 G the scattering polarization of the 
Ca ii 8542 A line is sensitive only to the orien- 
tation of the magnetic field vector. Therefore, 
in principle, from the spatial variations of the 
Q/I and U/I signals we can see in Fig. 4 we 
can only say that they are probably due to 



changes in the orientation of the magnetic field 
in the upper chromosphere of the quiet Sun. 
Although the spatio-temporal resolution of this 
spectropolarimetric observation is rather low 
(i.e., no better than 3" and 20 minutes), the 
fractional polarization amplitudes fluctuate be- 
tween 10~ 4 and 10~ 3 along the spatial direc- 
tion of the spectrograph slit, with a typical spa- 
tial scale of 5". Interestingly enough, while the 
Stokes Q/I signal changes in amplitude but re- 
mains always positive along that spatial direc- 
tion, the sign of the Stokes U/I signal fluc- 
tuates. This is compatible with the action of 
the Hanle effect in a magnetized plasma with 
B > 1 G and having a spatially varying mag- 
netic field azimuth, which in turn is consis- 
tent with the possibility that the fibrils seen in 
the high-resolution intensity images taken by 
ICauzzi et ail d2008l) at the line center of /18542 
trace out magnetic lines of force. 
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Fig. 4. An example of our recent spectropolarimetric observations of the Ca n 8542 A line in a very quiet 
region close to the solar limb, using ZIMPOL at the Franc o-Italian telescope THEMI S. The reference 
direction for Stokes Q is the tangent to the closest limb. From Trujillo Bueno et 



5.2. The Ha line 

As we have seen, the linear polarization of the 
Ca ii 8542 A line is sensitive to the orienta- 
tion of the magnetic field in the upper chromo- 
sphere of the quiet Sun, but not to its strength 
unless B < 1 G there. In order to obtain em- 
pirical information on the magnetic strength in 
the upper chromosphere we need to use simi- 
larly strong lines, but such that their scattering 
polarization is sensitive to magnetic strengths 
in the gauss range. Among the various possi- 
ble choices, Ha is particularly interesting be- 
cause it reaches the Hanle saturation regime 
for B>50 G and the shape of its fractional 
scattering polarization profile is very sensi- 
tive to the presence of magnetic field gradients 
in the upper chromosphere of th e quiet Sun 
dStepan & Trujillo Buenol l2010bl) . Moreover, 
the fibrilar nature of the upper chromosphere is 
seen even more clearly in Ha, especially when 
observing quiet regions far away from the sola r 
disk center (e.g., see figure 7 of lRutterJl2007h . 
In the remaining part of this section I summa- 
rize the main results of this rec ent paper by 
IStepan & Truiillo Buenol d2010bl) . 

The temperature minimum region of solar 
atmos pheric models is tr ansparent to Ha radi- 
ation (iSchoolmanlll972l) . As a result, we see 
the upper chromosphere at the very line cen- 
ter of the Ha line but the photosphere in the 
line wings. It is thus not surprising what Fig. 
1 shows for Ha, namely that the response of 
the emergent circular polarization induced by 
the Zeeman effect to magnetic field perturba- 
tions exhibits large photospheric contributions. 



Moreover, in the quiet Sun the V/I signals are 
very weak (~1(T 4 and smaller). 

On the contrary, in quiet regions the linear 
polarization observed in Ha is fully dominated 
by the presence of radiatively induced pop- 
ulation imbalances and quantum coherences 
among the magnetic sublevels of the line's lev- 
els, which produce linear polarization profiles 
whose maximum values are located at the very 
line center. The fractional polarization ampli- 
tudes vary between 1CT 3 and 1CT 4 . Moreover, 
this scattering line polarization is modified by 
the Hanle effect, which operates mainly in 
the line core and gives rise to Q/I and U/I 
profiles different from those corresponding to 
the zero-field case. The response function of 
the emergent linear polarization to magnetic 
field perturbations shows that the Hanle ef- 
fect in Ha is sensitive to the magnetic fields 
of the upper chromosphere (s ee figure 4 of 
IStepan & Truiillo Buenoll2010al) . 

In spite of its modeling difficulties, the 
Hanle effect in Ha should be exploited for 
facilitating quantitative explorations of the 
magnetism of the upper solar chromosphere. 
A first step has been recent ly taken by 
IStepan & Truiillo Buenol (feOlObl) . The dashed 
line in the right panel of Fig. 5 shows the spa- 
tially and temporally averaged Q/I profile ob- 
served by Gan dorferi (12000) in a quiet region 
at about 5 arcseconds from the solar limb. Its 
more peculiar feature is the asymmetry that 
it shows around the line center, which can- 
not be explained by the mere fact that the Ha 
line results from the superposition of seven 
blended components, four of which making a 
significant contribution to Stokes Q. In their 
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Fig. 5. Magnetic field strength model (left panel) and calculated vs . observed ( 9/7 pr ofiles (right panel). In 
the right panel the dashed line shows the Q/I profile observed by Gandorfer (2000), while the solid line 
shows the Q/I profile calculated by solving the multilevel scattering polarization problem in the presence of 
the Hanle effect produced by a significantly inclined magnetic field having at each height a random azimuth 
and the strength given in the left panel. The total Q/I profiles include the contribution of the continuum 
polarization. Note that for a line of sight with /j = 0. 1 the scattering polarization of the Ho- line is sensitive 
to the structure of the magnetic field only in the atmospheric re gion indicated by the solid line part of the 
model. For more information see Stepan & Trujillo Buenol d2010bh . 



paper [Stjpan & Truiillo Buenol ((2010b) argue 
that the observed Q/I profile can be explained 
by the Hanle effect of an inclined magnetic 
field whose mean strength varies with height 
as approximately indicated in the left panel 
of Fig. 5. This suggests the presence of an 
abrupt and significant magnetization in the up- 
per chromosphere of the quiet Sun and that the 
average ratio /3 of gas to magnetic pressure de- 
creases suddenly there. 

6. The magnetization of the lower 
chromosphere of the quiet Sun 

The magnetic field model in the left panel of 
Fig. 5 is characterized by a magnetic complex- 
ity zone with (B)>30 G in the upper solar chro- 
mosphere (i.e., just below the sudden transition 
region to the 10 6 K coronal temperatures) and 
by a strongly magnetized photosphere and a 
weakly magnetized lower chromosphere. The 
suggested abrupt magnetization in the upper 
chromosphere of the quiet Sun is introduced 
to produce a Q/I profile with a line center 
asymmetry similar to that found in the ob- 
served profile. The strong magnetization of the 
model's photospheric region is strongly sup- 
ported by the 3D radiative transfer modeling 



of the scattering p olarization observed in the S r 
i 4607 A line (see lTruiillo Bueno et al.ll2004h . 
which indicates that the bulk of the quiet so- 
lar photosphere is teeming with a distribu- 
tion of tangled magnetic fields having a mean 
strength (B)»60G (when estimating {B) as- 
suming the simplest case, adopted in §5 and §6 
of this paper, of a single value field strength). 
Is the mean magnetization of the lower chro- 
mosphere really as weak as indicated in Fig. 5 
(i.e., with <5><10 G around a height of 1000 
km) ? 

One spectral line whose observed scatter- 
ing polarization supports the possibility of a 
weakly magnetized lower chro mosphere is the 
D 2 lin e of Ba n at 4554 A (see iBelluzzi et alJ 
120071) . Figure 6 shows the sensitivity of the 
emergent Q/I profile to the magnetic field 
strength, both for the case of a microturbu- 
lent and isotropically distributed magnetic field 
(left panel) and for the case of a random- 
azimuth horizontal field (righ t panel). In fact, 
the Q /I profile observed by Sten flo & Kellerl 
(1997) has a three-peak structure, very similar 
to that shown by the solid lines in Fig. 6. Note 
that for B>10 G the amplitude of the central 
Q/I peak is smaller than the amplitudes of the 
wing peaks, contrary to what the observed Q/I 
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Fig. 6. Theoretical estimate of the emergent Q/I profiles of the Ba n D2 line in 90° scattering geometry, 
assuming the presence of a microturbulent and isotropic field (left panel) and a h orizontal field of random 
azimuth (right panel). The solid line is very similar to the Q/I pro file observed bvlStenflo & Kelleil dl997l) 
in a quiet region close to the solar limb. For more information see lBelluzzietaHd2007l) . 



profile shows. Another spectral line whose lin- 
ear polarization suggests that the lower chro- 
mosphere of the quiet Sun has a small (B) 
value is the Na 1 P i line (see the review by 
iTruiillo Buenoll2009l) . 

7. Concluding comments 

Three are the main conclusions to be drawn 
here: 

(1) The bulk of the quiet solar photosphere 
is strongly magnetized, with (Z?)~100 G when 
no distinction is made between granules and 
intergranules. 

(2) The lower chromosphere seems to be 
weakly magnetized, with (B)<10 G. 

(3) The magnetization of the upper chro- 
mosphere of the quiet Sun is abrupt and sig- 
nificant, with (B)>30G just below the sudden 
transition region to the 10 6 K coronal plasma. 

Are these conclusions reliable? They are 
based on radiative transfer modeling of the 
scattering polarization Q/I profiles of some 
spectral lines observed without spatial and/or 
temporal resolution in quiet regions close to 
the edge of the solar disk. The radiative trans- 
fer calculations have been carried out in given 
atmospheric models (see below). Such Q/I sig- 
nals depend on the anisotropy of the radiation 
field within the solar atmosphere, which is sen- 
sitive to its thermal and density structure. The 



Q/I amplitudes are also sensitive to collisions 
with neutral hydrogen atoms (e.g., the case of 
the Sr 1 4607 A line) and protons (e.g., the case 
of Ha). Through the Hanle effect the emergent 
Q/I profiles are also sensitive to the presence 
of magnetic fields inclined with respect to the 
symmetry axis of the incident radiation field. 



Conclusion 1 is the most reliable one 
because it is based on detailed 3D ra- 
diative transfer calculations of the emer- 
gent Q/I for the Sr 1 4607 A line in 
a realistic 3D hydrodynamical model of 
the thermal and density structure of the 
quiet photosphere (ITruiillo Bueno et al.ll2004t 
Trujill o Bueno & Shchukina 2007). Assuming 
that the "hidden" field of the quiet solar pho- 
tosphere is randomly oriented below the mean 
free path of the line-center photons is indeed 
a suit able approxim ation for estimating (B) 
(e.g JFrish et all2009l) . Moreover, calculations 
based on the assumption that the magnetic field 
is instead horizontal also lead to the conclusion 
of a substantial amount of magnetic energy in 
th e bulk of the quiet solar ph otosphere (see §4 
in Trujill o Bue no et a 1. 2006). As reviewed in 
the just quoted paper several other investiga- 
tions strongly support this con clusion (see also 
the ve ry recent contribution bv lDanilovic et alj 
2010). 



292 



Trujillo Bueno: The Magnetism of the Quiet Solar Chromosphere 



Conclusions 2 and 3 are based on radiative 
transfer modelin g of the Q/I profile of the Ha 
line observed by iGandorferl yOOO) in a quiet 
region at about 5" from the solar limb, using 
various (hot and cool) ID semi-empirical 
models. Any such ID model is certainly a 
poor representation of the chromospheric 
thermal and density conditions. Fortunately, 
the observed Q/I profile shows a peculiar 
line core asymmetry which is absent in the 
observed 1(A) profile. Moreover, the Q/I 
profile of the (photo-ionization dominated) 
Ha line is not very sensitive to the chro- 
mospheric thermal structure. A s shown by 
Stepan & Trujil lo Buenol (1201 Obi) , the line cen- 
ter asymmetry in the observed Q/I profile can 
be explained by the Hanle effect of a magnetic 
field in the solar atmosphere whose height 
variation suggests the presence of an abrupt 
and significant magnetization in the upper 
chromosphere of the quiet Sun and a weakly 
magnetized plasma directly underneath. Given 
that the solar chromosphere is devastatingly in- 
homogeneous and dynamic we cannot exclude 
the possibility of an alternative explanation. 
Nevertheless, there are other spectropolari- 
metric investigations that favor a sizable 
quiet Sun magnetization at a height of about 
2000 km above the v isible so lar surface (e.g., 
Trujillo Bueno et all I200H iHolzreuter et al l 
20061: A sensio Ram os & Trujillo Buenoll2009l : 
Centeno et alJl2010l) and a weakly magnetized 



lower chromosphere (Landi Peg!' Innocentil 



ll998tlBelluzzi et al.ll2007tT 



Clearly, understanding the variation with 
height of the mean magnetization of the quiet 
solar chromosphere requires taking into ac- 
count the multi-scale contributions of the 
network and internetwork magnetic loop-like 
structures. 
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